e New approaches of empirical antifungal therapy (EAT) in selected hematological patients with persistent febrile neutropenia (PFN) have been proposed in recent years, but their cost-effectiveness has not been studied. The aim of this study was to compare the cost-effectiveness of two different approaches of EAT in hematological patients with PFN: the diagnosis-driven antifungal therapy (DDAT) approach versus the standard approach of EAT. A decision tree to assess the cost-effectiveness of both approaches was developed. Outcome probabilities and treatment pathways were extrapolated from two studies: a prospective cohort study following the DDAT approach and a randomized clinical trial following the standard approach. Uncertainty was undertaken through sensitivity analyses and Monte Carlo simulation. The average effectiveness and economic advantages in the DDAT approach compared to the standard approach were 2.6% and €5,879 (33%) per PFN episode, respectively. The DDAT was the dominant approach in the 99.5% of the simulations performed with average cost-effectiveness per PFN episode of €32,671 versus €52,479 in the EAT approach. The results were robust over a wide range of variables. The DDAT approach is more costeffective than the EAT approach in the management of PFN in hematological patients.
I
nvasive fungal infection (IFI) is a serious health problem in hematological patients and hematopoietic stem cell transplant (HSCT) recipients, resulting in a significant morbidity and mortality rate (1) (2) (3) . Persistent febrile neutropenia (PFN) is a common clinical presentation of IFI in hematological patients. For this reason, during the last 3 decades, the standard approach recommended by the Infectious Diseases Society of America (IDSA) and other international societies for the management of persistent fever in neutropenic hematological patients has been indicating empirical antifungal therapy (EAT) in every patient, with the main objective of improving the outcome of IFI by prompt therapy (4, 5) . However, the relatively low incidence of IFI in the whole hematological population, the risk of overtreatment with expensive drugs, and the potential appearance of adverse effects and antifungal resistance selection (6, 7) have made IFIs a safety and economic problem since the optimization of the health care budget is a major priority for all health care systems. Furthermore, the improvement of diagnostic procedures and the efficacy of new antifungal drugs have changed dramatically over the years (8, 9) , allowing for new approaches for the management of this syndrome (8, (10) (11) (12) (13) (14) , and even updated guidelines consider acceptable other more rational antifungal therapy approaches in a subset of high risk patients, although it is still considered as an experimental practice (4) . The Andalusian Society of Infectious Diseases (SAEI) (12) proposed a diagnostic and therapeutic approach based on risk profile and driven by clinical criteria for selecting those patients with PFN who do not need antifungal therapy, avoiding overtreatment and toxic effects, with similar effectiveness to that reported in controlled trials. This approach has been validated prospectively even in a high-risk population (13, 14) .
However, although pharmacoeconomic analyses comparing antifungal drugs used in treating PFN have been previously published (15, 16) , the cost-effectiveness assessment of new approaches, such as the diagnosis-driven antifungal therapy (DDAT), has not been compared to the standard approach of EAT. Hence, the aim of our study was to evaluate the cost-effectiveness of the DDAT approach in hematological patients with PFN recommended by the SAEI (12) versus the EAT approach recommended by the IDSA guidelines (4) .
MATERIALS AND METHODS
We used a pharmacoeconomic model (17) to assess the cost-effectiveness of two approaches for the management of PFN. The data were extrapolated from two earlier studies: a prospective cohort study (14) in which PFN episodes were managed following a DDAT approach (12) . This DDAT approach included the indication of antifungal therapy following the results of a diagnostic work-up, including clinical signs and/or radiological imaging or microbiological results suggestive of IFI (Fig. 1) , and a randomized clinical trial (7) in which patients with PFN received EAT according to the IDSA recommendations or standard approach (4).
The study was approved by the Ethics Committee and the Infections Committee (PI0068/2009) of the University Hospital Virgen del Rocío, Seville, Spain, and was performed in accordance with the Declaration of Helsinki. Written consent was not required. Efficacy assessment. The efficacy endpoint was an overall successful response to the first-line antifungal therapy (AT) determined by the fivecomponent endpoint used in previous studies (7, (18) (19) (20) (21) . The overall response was considered successful if all five of the following criteria were met: the successful treatment of any baseline IFI, the absence of any breakthrough IFI during therapy or within 7 days after the completion of therapy, survival for 7 days after the completion of therapy, no premature discontinuation of AT because of drug related toxicity or lack of efficacy, and the resolution of fever (temperature below 38°C for at least 48 h) during neutropenia.
Perspective and time horizon. Pharmacoeconomic analysis was performed from the perspective of the hospitals of the Andalusian Health System (AHS) from Spain, and the time horizon was 7 days after the end of the AT (the follow-up time to define an overall successful response or not).
Model structure. A decision-making model was built to assess the results of the implementation of these two approaches for the management of PFN in two cohorts of hematological patients (Fig. 2) .
The model included the possible pathways for each approach and whether the response was successful or not. The causes of failure included death, breakthrough IFI, premature discontinuation of AT (due to the lack of efficacy or toxicity), and persistent fever. Those patients in whom fever was not resolved within at least 48 h during neutropenia and who, following the EAT approach, did not receive AT were considered as a failure of response. In patients with a failure of response for reasons other than death, a second-line AT was administered. The second-line of AT in the DDAT approach arm was assumed according to the SAEI approach (Fig. 1) . In the EAT arm, the second-line of AT assumed was caspofungin when liposomal amphotericin B (L-AMB) failed and vice versa. A duration of 12 days of the second-line AT was assumed in both approaches. In the case of switching to a second-line of AT after the failure of first-line AT, the second was considered successful.
Source data. Data extrapolated from both studies included the baseline characteristics of patients, clinical outcomes, morbidity and mortality, the duration of first-line therapy, and the cause of failure and their probabilities (Table 1 and Table 2 ).
In both approaches, it was assumed that the patient monitoring and diagnostic tests included (i) a complete blood count and a liver and renal test every 48 h, (ii) a chest X-ray at the onset of the fever and thrice times a week, (iii) blood and nonblood cultures (i.e., stool, sputum and urine) twice a week, (iv) a serum galactomannan antigen test (GM) twice a week, and (v) a thoracic computed tomography (CT) exam between the fifth and seventh days of fever onset and every 2 weeks thereafter. Antibiotics and granulocyte colony-stimulating factor indications, other diagnostics tests, and intensive care unit management were considered not affected by the type of approach followed, and thus their frequency and nature were assumed to be the same in both approaches.
In the prospective cohort following the DDAT approach (14) , the first-line AT was as follows (i) caspofungin at 70 mg on the first day, followed by a daily dose of 50 mg in 28.2% of episodes; (ii) L-AMB at 3 mg/kg/day in 4.7% of cases; (iii) voriconazole at 6 mg/kg/12 h on the first day, followed by 4 mg/kg/12 h and then 200 mg/12 h administered orally from the seventh day in 25.9% of cases; and (iv) fluconazole at 400 mg/12 h on the first day, followed by a daily dose of 400 mg/24 h for the remainder of days in 2.3% of cases. Antifungal therapy was not indicated in the rest of episodes (38.8%). The mean durations of the first-line AT were 11 days (range, 2 to 38 days) for caspofungin, 7.5 days (range, 1 to 17 days) for L-AMB, 19 days (range, 2 to 83 days) for voriconazole, and 8.5 days (range, 6 to 11 days) for fluconazole. In patients who did not receive AT, the average length of hospital stay was 14 days, similar to that described (14) for the mean duration of neutropenia.
In the randomized clinical trial following the EAT or standard approach (7), the first-line AT was caspofungin at 70 mg on the first day, followed by a daily dose of 50 mg in 50.8% of the patients, and then L-AMB at 3 mg/kg/day in the rest of the patients. The mean durations of AT in this study were 13 days (range, 1 to 90 days) and 12.5 days (range, 1 to 90 days), respectively. All of the antifungal drugs were intravenously (i.v.) administered except for voriconazole that switched to oral administration after the seventh day of therapy.
Costs. The decision model was used to generate a weighted average cost per PFN episode managed. This was the sum product of the pathway treatment costs and their probabilities. The cost of the first-line AT was the cost of a complete course of the antifungal drug and the costs of the consumed resources (hospital stay and test costs). The cost of the secondline therapy was the cost of a complete course of the antifungal drug and the hospitalization costs. The cost of each failure pathway, except for death and persistent fever in patients who did not receive EAT, was the cost of the first-and second-line therapies added to the costs of the consumed resources (hospital stay and test costs). The cost of the failure pathway for persistent fever in patients who did not receive EAT was the cost of the consumed resources (hospital stay and test costs). The cost per successful response or deceased patient was calculated as a proportion of both: a complete course of first-line AT and the consumed resources (hospital stay and tests costs). Regarding antifungal drugs doses, patients were assumed to have an average weight of 70 kg (WHO Collaborating Centre for Drug Statistics Methodology [http://www.whocc.no/atc _ddd_publications/guidelines/]). Doses were rounded to the nearest vial size to reflect common hospital practice. The model made the assumption that patients switched to oral voriconazole after receiving voriconazole i.v. for 7 days.
Antifungal costs used were taken from the drug wholesale prices paid by Spanish Costs were adjusted in euros (€) for the year 2011 (Table 3) . Patients did not incur any out-of-pocket costs and were covered by the AHS. b Values are presented as the "number of subjects (%)"except as noted otherwise in column 1. *, Eleven were baseline IFI and one was a breakthrough IFI; †, 54 were baseline IFI and the rest were breakthrough IFI. c For the DDAT approach, the results of EAT were extrapolated from the study cohort reported by Aguilar-Guisado M et al. (14) in which the hematological patients with PFN were managed according to SAEI guidelines (12) . d For the standard approach, the results were extrapolated from the randomized trial reported by Walsh et al. (7) . In this study, hematological patients with PFN were managed according to IDSA recommendations (4) indicating EAT. e NS, not significant.
Definitions. PFN was defined as persistent fever (Ͼ96 h) refractory to empirical antibacterial therapy and without etiological diagnosis and neutropenia after chemotherapy or after HSCT (an absolute neutrophil count less than 0.5 ϫ 10 9 /liter) (19) . Probable and proven IFIs were defined according to European Organization for Research and Treatment of Cancer/MSG criteria (22) .
Statistical analysis. Descriptive statistics are presented as percentages for discrete variables and means (range) for those continuous variables. The chi-square test or the Fisher exact test was used to compare the categorical data among the groups. Student t tests were performed for comparison of means, and the Mann-Whitney U-test was performed when appropriate. A two-sided P value of Յ0.05 was considered to be statistically significant. The statistical analysis was performed with software from the Statistical Package for the Social Sciences (SPSS, Inc., Chicago, IL) version 18.0.
A cost-effectiveness analysis to compare both approaches was performed through the TreeAge Pro Suite 2009 program (TreeAge Software, Inc., Williamstown, MA). The results of the analysis are presented as the average cost per PFN episode, cost difference, economic advantage, and average cost-effectiveness. If one approach was more efficacious and less expensive (cost-saving) than another, then the first one was termed dominant. In such a case, it was not necessary to calculate the incremental cost-effectiveness ratio, and this alternative would always lead to a better clinical outcome at a lesser cost and would therefore always be cost-saving (23) . The costs considered acceptable for an effective treatment were €30,000 in all cases, (24) , taking into account the complexity of the management of persistent fever in hematological patients and the high mortality related to IFI.
Sensitivity analysis was performed in order to evaluate the robustness of the study's conclusion. Deterministic and probabilistic sensitivity tests were produced by modifications of the baseline values of several key variables and assumptions, in relation to costs and probabilities (25) . Baseline values were substituted by the highest and lowest values within a reasonable range of values (in the case of costs this was from 75 to 125% of the initial value, and in the case of duration of therapy a range of days reasonable in clinical practice and probabilities varied with a 95% confidence interval of their basal value). In cases in which substitution changed the study conclusion, values within the range replaced the baseline value. This was repeated until the exact variable value (or range of values) that changed the study outcome was identified. The effects of variations in the duration and costs of the first-line AT and in the costs of hospital stay in both approaches were analyzed. In the DDAT approach, the variation of the duration of voriconazole therapy, not switching to the oral route after the seventh day, and replacing the doses of L-AMB from 3 to 5 mg/kg/day were assessed. In both approaches, the impact of assumptions related to the duration of second-line AT (ranging between 10 to 14 days) and counting or not counting the diagnostic and monitoring tests were evaluated. Another two scenarios analyzed were: (i) replacing the probability of distribution of patients who received AT between the two arms (the DDAT approach and the EAT approach) of the decision-tree and (ii) replacing the probability of patient distribution in the EAT approach arm with that reported in a similar clinical trial where L-AMB and voriconazole were used (20) .
The multivariate sensitivity analysis was carried out using a secondorder probabilistic Monte Carlo simulation, which analyzed the degree of uncertainty of the parameters used in the model, especially their relationship to the effectiveness of the treatments and costs (see Table 4 for a description of the variation in the parameters and the distributions used in the univariate and multivariate analyses).
RESULTS

Clinical benefits.
The overall probability of a successful response associated with the DDAT approach was 36.5% compared to 33.9% of success probability for the EAT approach (see Table 2 for a description of the results for clinical outcome regarding the five composite endpoints in both study arms). In the DDAT approach, AT was not indicated in 33 (38.8%) episodes of PFN, and 16 (48.5%) of these fulfilled the five composite endpoints considered for an overall successful response. Of the remaining episodes, 17 (51.5%) did not achieve a successful response because the fever was not resolved for at least 48 h during the neutropenia.
Costs. The average costs for the management of a PFN episode were €11,910 for the DDAT approach and €17,789 for the EAT approach. The economic advantage per PFN episode in the DDAT approach was €5,879 (33%) compared to the EAT approach. For both approaches, the main contributing costs to the overall therapy cost were the persistent fever (41.2% versus 32.3%) and the hospital stay (59% versus 41.5%) for the DDAT and EAT approaches, respectively (see Table 5 and Fig. 3 for the individual cost contributions to the overall cost for both approaches).
Cost-effectiveness analysis. The DDAT approach was the dominant approach, with an average cost-effectiveness per PFN episode of €32,671 versus €52,479 for the EAT approach. The cost advantage of the DDAT approach over the EAT approach was €19,808 (37.7%) per overall successful response of the PFN episode.
Sensitivity analysis. The variations of the parameters used in the one-way sensitivity analysis indicated that the model was robust and not sensitive to changes. Thus, the DDAT approach was the dominant approach in all cases, and the incremental costeffectiveness ratio was negative in all cases in favor of the DDAT approach.
We calculated the average cost difference between the two approaches when varying the duration of administration of L-AMB and caspofungin as the first-line AT to 14 days in both arms, obtaining economic advantages for the DDAT approach of €6,070 and €5,825 per PFN episode, respectively.
Not switching the i.v. voriconazole to oral administration after the seventh day of therapy and extending its administration to 60 days in the DDAT arm resulted in an economic advantage of €3,675 per overall successful response of the PFN episode for the DDAT approach. Also, when patients receiving voriconazole in the DDAT approach arm were removed and replaced by patients treated with caspofungin, an economic advantage of €7,656 per PFN episode managed was obtained in the DDAT arm. Similarly, when patients receiving a first-line treatment of caspofungin in the EAT arm were replaced by patients receiving voriconazole, an economic advantage for the DDAT arm of €6,833 per PFN episode managed was obtained. Replacing the 3-mg/kg/day doses of L-AMB, administered as first-and second-line AT treatments, with 5 mg/kg/day doses in the DDAT arm and varying the duration of administration of L-AMB and caspofungin as a second-line AT treatment to 10 to 14 days in both arms did not change the study conclusion. Also, an increase or decrease by 25% of the drug acquisition costs did not change the study's conclusion.
The main study conclusion also did not vary when the costs of monitoring and diagnostic tests were excluded in both approaches and also when the costs of serum GM tests were not considered in the EAT approach. An increase of 25% in the costs per day of hospitalization (from €401 to €501) offered an economic advantage of €6,068 per PFN episode to the DDAT approach. a L-AMB, liposomal amphotericin B; FLT, first-linetherapy. *, That is, in selected patients who received AT following the DDAT approach; †, that is, in patients who not receive AT following the DDATapproach; ‡, that is, in patients managed using the EAT approach. b Where two values are given, the first value indicates the DDAT approach recommended by the SAEI, and the second value is the EAT approach recommended by the IDSA.
When we varied the probability of AT indication from 0.612 to 0.715 in the arm of the DDAT approach and increased from 0.339 to 0.50 the probability of successful response in the arm of the EAT approach, the economic advantages per overall successful response of the PFN episode were €19,788 and €1,673, respectively, for the DDAT approach. Furthermore, when the probabilities for premature discontinuation, persistent fever, death, and breakthrough IFI in the DDAT arm were varied within their 95% confidence intervals, the study conclusions did not change.
We analyzed the cost-effectiveness results for both approaches in two different scenarios. First, the probability distribution of patients who received AT was replaced between the two arms of the study (from the DDAT arm to the EAT arm and vice versa) with an average cost-effectiveness per PFN episode of €31,197 in the DDAT approach versus €59,248 in the EAT approach. Second, the probability distribution of patients in the EAT arm was replaced by that previously described in the literature (20) , with average cost-effectiveness values per PFN episode of €32,671 and €65,875 in the DDAT and EAT approaches, respectively.
Probabilistic sensitivity analysis resulting from Monte Carlo simulation demonstrated a 99.5% probability that the DDAT approach was cost-effective compared to the EAT approach, with a mean economic advantage of €5,896 per PFN episode. Based on the cost-saving probability distribution of both approaches and with a willingness to pay of €30,000, the DDAT approach represented a cost saving of 60% in the simulations, with a mean of €400 saved per PFN episode, and the EAT approach represented a cost saving in 2% of the simulations. The maximum expected cost saving for the DDAT approach was €5,070 and for the EAT approach was €500 per PFN episode (Fig. 4) .
DISCUSSION
This study demonstrates that the EAT indication in hematological patients with PFN driven by risk profile and clinical criteria (12) is more cost-effective than the standard approach of empirical AT (4, 5) , with a cost advantage of 37.7% per unit of effectiveness. Furthermore, sensitivity analyses showed that the modification of key parameters and all of the established assumptions of the model had very little impact on the cost-effectiveness of the DDAT approach, demonstrating that it is the best approach and that the model is robust and stable. Our results emphasize the need to consider a tailored approach to achieve a more favorable balance between effectiveness and cost for the management of PFN away from the concept of the undifferentiated approach, as other authors have recently suggested (26) . This is the first study to investigate the pharmacoeconomics comparing two different approaches for the management of PFN. To date, several studies have been compared the cost-effectiveness of different antifungals used in the EAT approach in patients with PFN (15, (27) (28) (29) (30) . However, although new approaches have been proposed for the management of this syndrome (8, 11, 31) , none of these studies compared the cost-effectiveness of these new approaches to the standard approach of EAT.
Although there are no significant differences in the effectiveness of both approaches, our results show that the DDAT is the dominant approach. In addition, it should be noted that the use of the composite endpoints as efficacy criteria places the DDAT approach in an unfavorable scenario, because this composite endpoint was applied to all patients, including patients who did not receive AT. Thus, episodes in which fever was not resolved for at least 48 h during the neutropenia were considered as a failure of response even when EAT was not indicated. In fact, whereas the proportion of failure response due to persistent fever was 48.9% in the EAT approach, it was 64.8% in the DDAT approach. However, the utility of the criteria of fever resolution as a marker of response (efficacy) of the EAT is controversial and has been previously debated in the literature (6) . Nearly half of the cases of failure of response, in the DDAT approach, did not receive AT, and the PFN episode was resolved without IFI development or death, corroborating the nonspecificity of fever resolution for efficacy assessment.
The cost-saving of DDAT approach over the EAT approach could be due to several factors. First, there is a reduction of 38.8% of antifungal therapy, representing a direct cost saving. Second, costs derived from adverse effects and from the use of a secondline of AT, often resulting in a prolonged hospital stay (which was the main contributor to the overall cost for both approaches), are avoided in patients for whom EAT is not indicated. Another factor that may contribute to cost saving is the sequential use of oral voriconazole following i.v. voriconazole in the DDAT approach because oral voriconazole has an significantly lower acquisition cost (29.7%) than does caspofungin and L-AMB, from a Spanish perspective, and this allows an early patient discharge from hospital and the completion of therapy at home. Nevertheless, this fact could not have affected to our results because in our study the complete course of antifungal therapy was considered to be administered in-hospital. Although voriconazole failed a strict statistical assessment of noninferiority compared to L-AMB in EAT (20) , many authors consider voriconazole to be a reliable alternative for PFN when invasive aspergillosis is suspected since voriconazole is the first-line therapy for this infection, and it may decrease the incidence of breakthrough IFI (14, 20, 32) . Also, the updated guidelines of the IDSA recognize this antifungal between the therapeutic options for PFN (4) .
The present study has several limitations. The fact that the decision-tree structure only allowed for a single switch to alternative AT is a limitation that may underestimate the cost in patients with multiple changes and discontinuations of antifungal therapy. Another limitation is that the use of the GM serum test was not included among the diagnostic tests of the clinical trial. However, it was an assumption of our model as part of current clinical practice without significant influence on costs by not determining the indication of EAT in the standard approach. A third limitation is that the costs caused by adverse effects of AT have not been considered, because most of the adverse effects are mild and involve a low cost, and also because severe adverse effects, such nephrotoxicity or hepatotoxicity, are difficult to assess in patients receiving multiple drug regimens. Moreover, a short time horizon was considered in the present study, because no long-term survival and quality-of-life data were available from the Walsh et al. (7) study. Therefore, these approaches cannot be evaluated over a long term, i.e., in terms of the life years gained as the primary outcome in pharmacoeconomic investigations (33) . However, this was a minor limitation for the purpose of the present study, since longterm data have more relevance in chronic diseases involving a societal perspective, whereas the adoption of the hospital system perspective here is more appropriate for a critical condition such as IFI in neutropenic patients (34) . Moreover, the present study was based on a comparison using a prospective cohort study with a small size (14) and a large randomized clinical trial (7) . In spite of the small sample size, the prospective cohort study is the validation of a previous pilot study (13) , in which similar results were reported. Also, it should be noted that although we assumed results of effectiveness in both approaches, data obtained from the randomized clinical trial are a measure of efficacy, placing in any case the results of the clinical trial in a better scenario than the results from the prospective cohort study that are derived from the clinical practice. Furthermore, both are prospective studies giving the best available clinical evidence to perform an economic evaluation, unlike other retrospective studies using data by chart review that may lead to a selection bias (30) .
In addition, the assumptions in our model were validated by univariate sensitivity analysis and Monte Carlo simulation that revealed that the DDAT approach was the preferred approach in all cases. The limitations and assumptions of pharmacoeconomic models must be evaluated through sensitivity analysis that varies the potential values between a range of present variables that covers the most likely values and scenarios.
In conclusion, the DDAT approach is more cost-effective than the EAT approach for the management of PFN in hematological patients. These results may contribute to the reconsideration of the widespread use of empirical antifungal therapy in favor of a more rational prescription.
